
BIOGENESIS OF MITOCHONDRIA

XI. A Comparison of the Effects of

Growth-Limiting Oxygen Tension,

Intercalating Agents, and Antibiotics

on the Obligate Aerobe Candida Parapsilosis

INTRODUCTION

The formation of mitochondria in the facultative
anaerobic yeast, Saccharomyces cerevisiae, can be
influenced by a number of factors . In the first
place, anaerobic growth does not occur without
the addition to the growth medium of the essential
lipids, ergosterol and unsaturated fatty acid, the
biosynthesis of which requires molecular oxygen .
After anaerobic growth in the presence of adequate
amounts of these lipids, extensive structural
changes are found in the mitochondria and the
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ABSTRACT

Growth under conditions of oxygen restriction results in a generalized decrease in the defini-
tion of the mitochondrial membranes, a decrease in the mitochondrial cytochromes, and a
decrease in citric acid cycle enzymes of the obligate aerobic yeast Candida parapsilosis.
Addition of unsaturated fatty acids and ergosterol to cultures exposed to limited oxygen
results in improved definition of the mitochondrial membranes and an increase in the total
mitochondrial cytochrome content of the cells . Euflavine completely inhibits mitochondrial
protein synthesis in vitro . Its in vivo effect is to cause the formation of giant mitochondrial
profiles with apparently intact outer membranes and modified internal membranes ; the
cristae (in-folds) appear only as apparently disorganized remnants while the remainder of
the inner membrane seems intact . Cytochromes a, a 3 , b, and cl are not synthesized by the
cells in the presence of euflavine . Ethidium appears to have effects identical to those of
euflavine, whereas chloramphenicol, lincomycin, and erythromycin have similar effects in
principle but they are less marked . The effects of all the inhibitors are freely reversible after
removal of the drugs. The results are discussed in terms of a functionally three-membrane
model of the mitochondrion. In addition, the phylogenetic implications of the observed
differences between this organism and the facultative anaerobic yeasts are considered .

mitochondrial cytochromes a, a 3 , b, cl, and c
are no longer synthesized . However, after an-
aerobic growth with limiting lipid mitochondrial
profiles often are not even recognizable (Linnane,
1965 ; Wallace et al., 1968) . Following aeration
of any type of anaerobically grown cell, mito-
chondria of normal architecture and cytochrome
content are found . In the second place, cells
grown aerobically in the presence of certain anti-
biotics, such as chloramphenicol, erythromycin,



or lincomycin suffer a progressive loss of the cyto-
chromes a, a 3 , b, and c I and there are associated
morphological changes in the mitochondria ;
these effects are reversible upon removal of the
antibiotics (Clark-Walker and Linnane, 1966,
1967 ; Linnane, Biggs et al ., 1968) . Finally, cells
grown in the presence of certain acridines such
as euflavine also lose their cytochromes a, a~,
b, and cl, but whereas the antibiotic effect is
reversible, treatment with euflavine causes a
genetic change resulting in the formation of the
so-called cytoplasmic "petite" mutant (Ephrussi,
1953) .
Extension of such studies to phylogenetically

more advanced cells, such as mammalian cells,
has been limited by the difficulty of their ma-
nipulation, therefore there has been a tendency
to generalize widely from the information ob-
tained with yeast (for review Linnane, 1968 and
footnote 1) . However, recent limited studies on
mammalian cells and mitochondria have shown
some differences in certain aspects from the yeast
results. Thus, mammalian mitochondrial protein
synthesis is inhibited by chloramphenicol both
in vivo and in vitro, as occurs in yeast, but on
the other hand, mammalian mitochondrial pro-
tein synthesis is unaffected by lincomycin or
erythromycin (Firkin and Linnane, 1968, and
footnotes 2 and 3) . It is perhaps relevant that the
molecular organization of mitochondrial DNA has
been found to be super-helical in multicellular
organisms, whereas in S . cerevisiae mitochondrial
DNA may or may not be circular. If present,
circularity is achieved by virtue of terminal base
complementarity and not covalent bond forma-
tion (Shapiro et al ., 1968) .

It is the purpose of the present communication
to report a comparative study of the effects of
oxygen restriction, antibiotics, and euflavine on
several parameters of mitochondrial behaviour in
Candida parapsilosis, a yeast which is an obligate
aerobe and therefore more closely resembles the
mammalian cell . 4 This organism does respond to

I P. Borst and A . M. Kroon . 1968. International Review
of Cytology . In press .
'F. C. Firkin and A. W. Linnane . 1969. Exp . Cell
Res . In press.
3 F. C. Firkin and A. W. Linnane. 1969. FEBS
Letters. In press .
4 Papers 9 and 10 in this series appear respectively in
Archives of Biochemistry and Biophysics, 1969, 130:235
and Genetics, 1969, in press .

restriction of oxygen supply and euflavine quite
differently from Saccharomyces. In addition, its
response to chloramphenicol suggests that some
modification is necessary on the simple model
proposed for mitochondrial biogenesis of an outer
membrane synthesized by the cytoplasmic ribo-
somes, and cristae synthesized in part both by
cytoplasmic ribosomes and by the mitochondrial
protein-synthesizing system . The present results
raise the possibility that mitochondria consist
functionally of a three-membrane system, viz . an
outer membrane enclosing a two-component
inner membrane, the latter made up of the cristae
(in-folds) which normally are continuous with the
rest of the noncristal inner membrane . The
insoluble cytochromes a, a3 , b, and c I may be
located only in the cristae .

Preliminary reports on the effect of oxygen and
chloramphenicol on the organism have previously
been published (Biggs and Linnane, 1963 ;
Linnane, Biggs et al ., 1968) .

MATERIALS AND METHODS

Organism

The locally isolated aerobic yeast used throughout
the experiments was identified as Candida parapsilosis
(Lodder and Kreger-Van Rij, 1967) .

Growth Media
The liquid medium used for cultivation of the cells

contained 0.57 Difco yeast extract, 0.12%
(NH4)2SO4, 0.057 NaCl, 0.07% MgCl 2 .6H 20,
0.1% KH2PO4, 0.01% CaCl2, 0.0005% FeCl3,
and 57o glucose. Other additions to this basic medium
are detailed in the text .

Growth Conditions
Cultures were grown in 15 liters of medium in an

18 liter carboy fitted with a sintered glass aerator
through which a metered air flow could be maintained .
The rates of air flow per 30 liters of medium were
standardized at 20-24 liters/min (high aeration),
250-300 ml/min (medium aeration) or 40-50 ml/
min (low aeration) . For medium and low aeration
cultures the medium was vigorously stirred with a
motor-driven double-bladed paddle at 250 rpm.
Oxygen tension of the medium was measured polaro-
graphically. The effects of the antibiotics and other
drugs were studied only under conditions of high
aeration .

Respiration
Whole cell respiration was determined polaro-

graphically or in Warburg manometers. Cyanide
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Cells were completely disrupted by two passages
through a French pressure cell at 8 tons per square
inch (Clark-Walker and Linnane, 1967) . Large frag-
ments of cell debris were removed by two centrifuga-
tions each at 1,000 g for 10 min to yield a cell-free
"whole homogenate" . A "total particle fraction" was
prepared by centrifugation of the whole homogenate
at 75,000 g for 90 min . Determinations of cytochrome
content of whole cells or particles, other enzyme
determinations, and electron microscopy were per-
formed as described by Clark-Walker and Linnane
(1967) . Cytochrome c content of whole cells was
determined as described by Sels et al . (1965) .

Amino Acid Incorporation
Mitochondria were prepared by subjecting to

osmotic shock the protoplasts prepared by treating
high aeration cells with snail gut enzymes, as de-
scribed by Lamb et al . (1968) . The measurement of
the incorporation of 14 C-leucine into mitochondrial
protein was also as described by these authors .

RESULTS

Cell Growth Rate and Yields

The effect of the three aeration regimes on the
growth of the organism is shown in Fig . I a . Un-
der conditions of high aeration in the large car-
boys the organism had a generation time of 1 .4
hr and a final yield of about 4 X 10 8 cells/ml,
corresponding to 5 mg dry weight cells per ml of
medium. At the intermediate and low aeration
rates the generation time was increased to about
2.5 to 2.6 hr in each case but the final yield was
reduced to about 6 X 107 and 3 X 107 cells/ml,
respectively ; or in other words, to 16 and 870 of
the yield obtained under the high aeration con-
ditions. Under conditions of strict anaerobiosis
there was no significant growth of the organism
on the normal medium. It is possible to achieve
markedly enhanced growth of facultative an-
aerobic yeasts such as those of the Saccharomyces
genus by the inclusion of excess unsaturated fatty
acid (0.5% Tween 80) and ergosterol (0 .002%)
in the lipid-poor normal medium ; these lipid
components are essential for the growth of the
organism and require molecular oxygen for their
biosynthesis (follow et al ., 1968) . However,
addition of these lipids in excess did not permit
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FIGURE 1 The effect of oxygen lack, chloramphenicol
and euflavine on the growth characteristics of C. parap-
silosis. (a) • •, High aeration cells ; A A,
Cells grown in media aerated at 250-300 ml air/30 I
medium/minute; O--O, Cells grown in media
aerated at 40-60 ml air/30 1 medium/minute . (b)
	 - •, Control cells grown on the basic medium ;
A

	

A, Cells grown on the basic medium containing
4 mg/ml of chloramphenicol or 5 µg/ml euflavine ;
O--O, Cells grown on the basic medium containing
20 µg/ml of euflavine .

growth of Candida parapsilosis in the complete
absence of oxygen and led to only minor increases
in growth under conditions of low aeration .
Hence, a deficiency of these lipid components is
not responsible for the limited growth of the cells
under low aeration .

Fig. 1 b depicts the effect of chloramphenicol
and euflavine on cell growth. In contrast to
restriction of oxygen supply, which affected both
growth rate and final cell yield, chloramphenicol
at concentrations as high as 4 mg/ml of medium,
which is close to the limit of solubility, resulted
only in prolongation of the generation time in
the logarithmic phase from the normal 1 .4 hr

sensitivity of cell respiration at an equilibrium con- 9 .0
centration of 0.5 mm was determined as described by
Robbie (1948) .

Enzyme Assays

N
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FIGURE 2 Section through a cell of C. parapsilosis grown under high aeration conditions in the basic
medium, showing a prominent cell wall (CW), plasma membrane (PM), nucleus (N), and vacuole (V) .
The mitochondria (M) are large and well-defined and characteristically contain numerous cristae . Only
small amounts of free cytoplasmic membrane (CM) are observed in these, cells . X 9,9,000 .

to 2.8 hr, but the final cell yield was unaltered .
Euflavine at 5 µg/ml gave a growth curve similar
to that of chloramphenicol at 4 mg/ml, but growth
in the presence of euflavine at a concentration
of 20 µg/ml increased the generation time to
4.3 hr and decreased the final cell yield by about
307o .

Morphological Effects
Fig. 2 shows an electron micrograph of a normal

C. parapsilosis cell grown under the high aeration
conditions, showing the presence of cell wall,
plasma membrane, nucleus, some free cytoplasmic
membrane of unknown function, and numerous
mitochondria . The mitochondria show clearly
defined outer membranes and cristae, with defini-
tion comparable to that of the other cell mem-
branes. Cells cultured at the medium aeration
rate (Fig . 3) show a notable increase in the amount
of the free cytoplasmic membrane and a decrease
in the definition of the mitochondria, especially
in the cristae which are very difficult to identify
in some of the organelles. When examined in the
electron microscope, the membranes of cells
grown under conditions of low aeration are
poorly defined from the surrounding cytoplasm .

This is especially true for the mitochondria (Fig .
4) . Although mitochondrial profiles can still be
identified, the outer membranes are very poorly
defined and the cristae are almost unrecognizable .
Conversely, there is a great increase in the free
cytoplasmic membrane, which frequently has the
appearance of parallel layers in close association
with the nuclear membrane . The loss in membrane
definition in cells grown under conditions of low
aeration is evidently due in part to a lack of
ergosterol and unsaturated fatty acids . Inclusion
of these lipid components in the medium leads
to some improvement in membrane definition to a
degree comparable to that shown in Fig . 3 .

The effects of growth in the presence of chlor-
amphenicol or euflavine on the morphology of
the mitochondria are quite distinct from the
effects of oxygen restriction . Fig. 5 shows a section
through a cell grown in the presence of 4 mg/ml
chloramphenicol . The mitochondria are very
elongated structures whose outer membranes
appear normal, but whose cristae are of an ab-
normal, fragmented character, and in much
smaller amount than normal . Occasionally,
electron-opaque granules of unknown signifi-
cance are seen among the residual cristae . The
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FIGURE 3 Section through a representative cell of C. parapsilosis grown to the early stationary phase
(16-18 hr) in the basic medium aerated at a rate of 250-300 ml air/30 liters medium/minute . The mito-
chondria (M) are notably smaller in size, poorer in definition and contain fewer cristae than the highly
aerobic cells . At the same time an increase in the amount of cytoplasmic membrane (CM) is observed. X
30,500 .

FIGURE 4 Section through a cell of C . parapsilosis grown for 16-18 hr in the basic medium aerated at
the rate of 40-60 ml air/30 liters medium/minute . The mitochondria (M) are quite small and primitive
and the mitochondrial membranes are poorly defined in comparison with the nuclear and cytoplasmic
membrane systems . The cytoplasmic membrane (CM) has increased both in amount and in degree of
organization. In this micrograph, several strands are arranged contiguously with the nuclear membrane ;
similar structures are also frequently observed free in the cytoplasm . X 32,000 .

effect of chloramphenicol on the cytology is with 5 µg/ml euflavine . Fig. 7 illustrates the
concentration dependent. Fig. 6 shows a cell extreme type of cytology of cells cultured in the
grown in the presence of 2 mg/ml chlorampheni- presence of 20 µg/ml euflavine ; the changes are
col. A similar appearance is seen in cells grown similar to those seen in Fig . 5, except for the
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FIGURE 5 Section through a cell of C. parapsilosis grown for 16-18 hr in medium containing 4 mg/ml of
chloramphenicol . The main effect is on the mitochondria (M) which are greatly elongated structures, con-
taining considerably less cristae than seen in normal mitochondria . While some of the cristae appear well
defined, in general they appear to be degenerate (arrows) . One of the mitochondria contains a considerable
amount of electron-dense granular material (EDG) of unknown composition . X 37,000 .

absence of intramitochondrial granulations and
the more markedly disorganized cristae . Fig . 8,
a higher magnification of the region outlined in
Fig. 7, shows a well-defined inner membrane
contiguous with the outer one, suggesting that
the inner membrane is intact . Micrographs of
this kind can be commonly obtained ; and coupled
with the great reduction in the amount of cristae
and essentially complete loss of cytochrome
content of the organelles (see below), the data may
be interpreted to suggest that the inner mito-
chondria) membrane may be an entity completely
separate from the cristae . According to this
interpretation, the mitochondrion would then
consist functionally of a three-membrane system,

comprising an outer membrane enclosing a
bipartite inner membrane, the latter made up
of the noncristal portion and the cristae (in-
folds) . Alternatively, the loss of some components
of the inner membrane system may result, in this
instance, in a reorganization of its structure with
preservation of the contours of the inner mem-
brane contiguous with the outer membrane and
with consequential preferential morphological
alterations in the cristae .

Cytochrome Content of Cells

The cytochrome content of the whole cell
homogenates was considerably influenced by the
degree of aeration during growth (Table 1) . The
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most marked effect was on the content of cyto-
chromes a and a 3, which in low aeration cells was
40% of that in high aeration cells . There was a
smaller decrease in the cytochrome c + c,, to
about 70% of the high aeration level, while the
cytochrome b level appeared to be largely in-
dependent of the degree of aeration . The addition
of ergosterol and unsaturated fatty acids to the
growth medium had profound effects on the
various cytochromes . Thus, at all levels of aera-
tion, the cytochrome a + a3 concentration was
approximately twice that of the unsupplemented
cells, so that the relative relationship between the
cytochrome a + a3 content and the degree of
aeration observed in unsupplemented cells was
preserved. The cytochrome b content was about
twice as high as in cells unsupplemented with
lipid and remained largely independent of the
oxygen supply. The cytochrome c + c l content of
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the cells grown with the lipid supplements was
independent of the degree of oxygenation, in
contrast to the results with the unsupplemented
cells, and the actual content of these cytochromes
was a little higher than that found in the most
highly aerobic unsupplemented cells . The rela-
tive concentration ratios of the cytochromes thus
varied within wide limits, depending on the sup-
ply of oxygen and lipids . These variations indicate
that there is no obligate cytochrome stoichiometry
in Candide mitochondria .

Growth of the cells in the presence of euflavine
or chloramphenicol had profound effects on the
cytochrome content of the cells (Table 1) . The
spectrum of whole cells grown in the presence of
20 µg/ml euflavine showed only a single ab-
sorption peak centered at 550 mµ which could
be accounted for essentially completely as cyto-
chrome c.

FIGURE 6 Section through a cell of
C. parapsilosis grown for 16-18 hr in
medium containing Q mg/ml of chlo-
ramphenicol . The mitochondria (M)
show changes less marked than those
of Fig. 5 . X 34,000 .



Examination of a whole particle fraction of
such cells at room temperature and the tempera-
ture of liquid nitrogen after extraction of cyto-
chrome c failed to reveal the presence of cyto-
chromes a, a3, b, and ci. Euflavine at concentration
of 5 pg/ml strongly inhibited the formation of
the four insoluble cytochromes ; however, the
inhibition was not complete .

At the maximum concentration of chlor-
amphenicol attainable (4 mg/ml medium) the
cytochrome a, a 3 content decreased to about 20%
of the normal level, cytochrome b decreased to
about 40 0/0 of normal, and the combined cyto-
chrome c + c I content of whole cells was increased
by about 50% over the normal level . However,
there was a considerable increase in the cyto-
chrome c content of the cells grown with chloram-
phenicol, so that (by difference) the cytochrome

FIGURE 7 Section through a cell of
C. parapsilosis grown for 16-18 hr in
medium containing 20 µg/ml of eu-
flavine . As observed in chlorampheni-
col-treated cells, the mitochondria
(M) contain a much reduced amount
of cristae in comparison with normal
mitochondria, and many of the cristae
appear to be degenerate (arrows) . X
44,000 .

cI content decreased approximately in parallel
with the cytochrome b content. Chloramphenicol
is thus much less effective than euflavine as an
inhibitor of cytochrome synthesis in this organism .

Respiratory Activity of Whole Cells

We have found that there are two respiratory
systems in C. parapsilosis : one cyanide insensitive
and as yet uncharacterized, and the other the
cyanide-sensitive mitochondrial cytochrome sys-
tem. The cyanide-insensitive system is of major
quantitative significance and, in high aeration
control cells, it can account for about 50% of
the total respiratory activity of the cells (Table
II) . Cells grown in euflavine (20 ug/ml) have
no cyanide-sensitive respiration but they retain
the cyanide-insensitive system and its activity is
similar to that of the high aeration control cells.
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Consistent with the incomplete inhibition of
particulate cytochrome synthesis by chloram-
phenicol (4 mg/ml), a considerable proportion of
the respiration is still cyanide-sensitive. To some
extent, conditions of medium and low aeration
affect both the cyanide-sensitive and -insensitive
systems, reducing their activities (Table II) .
This effect contrasts with that of the drugs already
described. The cyanide-insensitive system occurs
in the 105,000 g supernatant of cells disrupted in
the French pressure cell.

386

FIGURE 8 Enlargement of portion of the cell depicted in Fig . 7 showing clearly the "double membrane"
nature of the limiting mitochondrial membrane (arrows) . Thus the inner layer of the external membrane,
although topographically continuous with the cristae, is apparently little affected by growth in the pres-
ence of euflavine, suggesting that these membranes may in fact belong to separate systems . X 128,000.
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Other Mitochondrial Enzymes

To assess the specificity of the actions of the
drugs and of oxygen restriction on the mitochon-
dria, assays were performed on succinate de-
hydrogenase, a representative mitochondrial
membrane-bound enzyme, and on fumarase
and malate dehydrogenase, representative of
readily solubilized mitochondrial enzymes . No
attempt was made to identify possible mito-
chondria) and cytoplasmic isoenzymes, and thus
assay them separately . As may be expected from



TABLE I

Cytochrome Content of Cells of C . Parapsilosis Grown Under Various Conditions

The results shown represent the mean of three separate experiments . Cells were grown for 16-18 hours,
and quantitatively disrupted in the French Pressure Cell (cf. Methods). The cytochrome content of the
resultant cell-free whole homogenate was determined by the technique of difference spectroscopy, using
the extinction coefficients for mammalian cytochromes (Estabrook and Holowinsky, 1961) . Euflavine-
treated cells contain traces of a b-type cytochrome, but it is very difficult to determine the amounts from
the difference spectra, owing to the presence of a large excess of cytochrome c in these cells . Cytochrome c
content of whole cells was determined as described by Sels et al . (1965) .

previous work with S . cerevisiae (footnote 5 ; Clark-
Walker and Linnane, 1967), the activities of all
three enzymes decreased in cells subjected to any
of these treatments, but even with 20 µg/ml eufla-
vine there was still considerable residual activity
of each enzyme (Table III) . Succinate dehydro-
genase always showed the greatest relative decrease
in activity . While low aeration cells preserved con-
siderable insoluble cytochrome content, as against
the complete loss in the cells grown in 20 ug/ml
euflavine, both types of cell had comparable con-
centrations of fumarase and of the dehydrogenases .
Again, the effect of chloramphenicol was less
marked than that of euflavine .

Glucose Repression

Saccharomyces cerevisiae is well known to be very
sensitive to the concentration of glucose in its
growth medium, with respect to number and
morphology of mitochondria, cytochrome and
other enzyme content, and lipid composition

5 M. J. Vary, C. L. Edwards, and P. R. Stewart .
1969 . Arch. Biochem. Biophys. 13 0:235

(Ephrussi et al ., 1956 ; Mahler et al., 1968 ; Polakis
et al ., 1964 ; Linnane, 1965 ; Lukins et al ., 1966 ;
and footnote 6) . Under high aeration conditions
concentrations of glucose between 0.7o%o and 20%
in the growth medium were investigated with the
present organism and practically no differences
were found either in whole cell absorption spectra
(used as an index of cytochrome content) or in
electron microscope appearances . Even with 20 070
glucose in the medium, mitochondria were
numerous and had well-defined profiles and
cristae indistinguishable from those in the cell
shown in Fig . 2 .

Reversibility of Drug Effects

The enzymatic and morphological character-
istics described proved to be stable in cells grown
on media containing chloramphenicol or euflavine
for over 20 generations, provided the drugs were
continually present. When cells were transferred
to normal drug-free medium, the growth rate

6 H. B . Lukins, D . Jollow, P. G . Wallace, and A. W.
Linnane . 1968. Aust . J. Exp. Biol. Med. Sci . 46 :651
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Cytochrome
a-hag

	

b c+ct c

Growth conditions mpmoles/100 mg whole cellular protein

High aeration 7 .0 13 20 11
Medium aeration 3 .3 15 18
Low aeration 2 .7 14 14

High aeration + lipid 14 28 23
Medium aeration + lipid 5 .7 29 24
Low aeration + lipid 4 .7 30 25

Chloramphenicol 2 mg/ml 4 .3 9 .3 32 18
Chloramphenicol 4 mg/ml 1 .3 5 .2 30 27

Euflavine 5 µg/ml 0 .7 trace 25 20
Euflavine 20 µg/ml undetected trace 24 22



TABLE 11

The Respiratory Activity of Whole Cells of C .

Parapsilosis Grown Under Various Conditions

Respiratory activity

mpg atoms oxygen

utilized/mg dry wt

Growth conditions
cells/minute

The values cited are the means of three determina-
tions, with glucose as substrate .

TABLE III

The Levels of Some Citric Acid Cycle Enzymes in C .

Parapsilosis Grown Under D~fferent Conditions

The results shown represent the mean of three
separate experiments . The enzymic activities of
the cell-free whole homogenates were determined
as described in Methods .

returned to the normal uninhibited rate and
the morphology and cytochrome spectrum re-
turned to normal . That no actual genetic informa-
tion was lost by cells cultured in the presence of
chloramphenicol or euflavine was shown by the
fact that all such cells were capable of forming
colonies on plating onto drug-free solid medium
and that the spectrum of a number of cultures
derived from these individual colonies had re-
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turned to normal . There was thus no evidence
that either euflavine, which produces the per-
manent "petite" mutation in Saccharomyces species
at high frequency, or chloramphenicol, which
does not induce the petite mutation in Saccharo-

myces, acts as a mutagen on Candida . All changes
observed were purely at the phenotypic level, and
reversion to normal occurred in each cell as soon
as the drug was withdrawn .

It may be added that the antibiotics erythro-
mycin and lincomycin have overall effects on
Candida very similar to those of chloramphenicol .
Also, ethidium bromide, recently reported to
induce the petite mutation in S. cerevisiae to the
extent of 100% (Slonimski et al., 1968), does not
induce the petite mutation in C. parapsilosis but,
like euflavine, reversibly inhibits the synthesis of
the four mitochondrial cytochromes a, a3, b, and c l .

Mitochondrial Amino Acid Incorporation

The effect of chloramphenicol, erythromycin,
lincomycin, euflavine, and ethidium bromide on

TABLE IV

Inhibition by Drugs of Protein Synthesis by Mito-

chondria Isolated From C. Parapsilosis

The incorporation of 14C-leucine in the control
tubes was 17 µµmoles/mg mitochondrial protein/
20 min, and was completely dependent on the addi-
tion of an ATP-generating system .

Drug Concentration

Inhibition of
mitochondrial

protein
synthesis

mM

Chloramphenicol 0 .06 75
0 .6 90
6 100

Lincomycin 0.1 75
0 .4 80
10 100

Erythromycin 0.07 60
0.3 60
1 .5 50

Euflavine 0.003 18
0.02 70
0 .06 100

Ethidium bromide 0.003 40
0 .02 80
0 .06 100

Enzyme

Succinate Malate
dehydro- dehydro-
genase

	

genase

	

Fumarase

Growth conditions
µmoles substrate transformed/

100 mg protein/min

High aeration 32 410 90
Medium aeration 8 290 43
Low aeration 6 270 30
Euflavine 5 µg/ml 4 250 43
Euflavine 20 µ.g/ml 4 200 38
Chloramphenicol 2 mg/
ml

14 390 70

Chloramphenicol 4 mg/
ml

9 310 63

Na inhibitor +0.5 mM
KCN

High aeration 120 55
Medium aeration 84 48
Low aeration 72 37
Chloramphenicol 4 mg/ml 96 65
Euflavine 20 .sg/ml 65 67



amino acid incorporation into protein by isolated
mitochondria is shown in Table IV . All five

compounds inhibit the incorporation .

DISCUSSION

Effect of Aeration

It is apparent that the mitochondrial composi-
tion in Candida parapsilosis is greatly affected by
the oxygen tension of the growth medium. Low
oxygen tension during growth leads to a diminu-
tion in the number of mitochondria ; their outer
membranes become less distinct than normal, in
comparison with the other membranes of the
cell, and there is almost complete disappearance of
cristae. These morphological changes are ac-
companied by marked decreases in the content

of cytochrome oxidase and succinate dehy-
drogenase and moderate decreases in cyto-
chromes c + c, and the two soluble Krebs' cycle
enzymes studied. There is also a very marked
slowing of growth and decrease in cell yield under
conditions of low oxygenation . The organism is
unable to grow under completely anaerobic
conditions, even in media supplemented with
yeast extract, unsaturated fatty acids, and er-
gosterol ; this may represent the inability of its
glycolytic system to provide adequate energy,
or the lack of some as yet uncharacterized nu-
trient whose synthesis requires oxygen . It is,
however, possible to achieve marked increases in
the morphological definition of the mitochondrial
cristae, with concomitant increases in cytochrome
content, by supplementation of the growth medium
with ergosterol and unsaturated fatty acids, the
synthesis of which requires molecular oxygen .
Even with these additions there is still no sig-
nificant effect on growth rates or cell yields, which
remain primarily dependent on the degree of
oxygenation of the medium .

The effects of oxygen limitation thus represent
a multivalent phenomenon not restricted only to
effects on mitochondria and their enzymes and
associated lipids. Moreover, the composition of
Candida mitochondria is quite variable under
different growth conditions, and there is no spe-

cific stoichiometry preserved between any of the
enzymes assayed ; there is not even a parallel
decrease in the content of the insoluble cyto-
chromes a, a3, b, and c 1. However, there are always
recognizable mitochondrial profiles in the cells,
no matter what the conditions of growth . These

changes are in marked contrast to the extent of
change which may be observed following an-
aerobic growth of S . cerevisiae ; anaerobically, this
organism grows well, is subject to catabolite
repression, no longer synthesizes any of the five
cytochromes a, a 3, b, c 1 , and c, and may contain
no readily recognizable mitochondrial profiles
(Wallace et al., 1968) . A further, very significant
difference between the two organisms is the

presence in Candida of a cyanide-insensitive respira-
tory system, in addition to the mitochondrial
cytochrome oxidase pathway . The cyanide-
insensitive system is capable of carrying out a
significant portion of total respiratory activity of
the cell, irrespective of the degree of aeration of
the growth medium .

Effect of Drugs

In confirmation of the earlier results of Bulder
(1964) and De Deken (1966), we have found that
euflavine does not induce the petite mutation in

Candida, nor does ethidium, as described herein .
However, both drugs clearly inhibit the mito-

chondria) protein-synthesizing system in C.

parapsilosis, and the resultant cell then resembles a

phenocopy of the petite mutant of S . cerevisiae.
Taken together with the information that these
two drugs react with DNA by intercalating be-
tween adjacent base pairs (Lerman, 1964 ; Craw-
ford and Waring, 1967), the results suggest that
the organization of C . parapsilosis mitochondrial
DNA is likely to be different from that of S.

cerevisiae mitochondrial DNA. The observation
that both ethidium and euflavine can completely
inhibit amino acid incorporation by isolated
mitochondria at a concentration as low as 0.06
mm suggests that these two compounds may
also react at sites other than mitochondrial DNA,
or else that all in vitro mitochondrial amino acid
incorporation into protein is directly and com-
pletely linked to transcription . This latter situation
is unlikely, in view of the incompleteness of the
inhibition by actinomycin D of in vitro protein
synthesis in mammalian mitochondria (Kroon,
1965; Mahler et al., 1968, Wheeldon and Leh-
ninger, 1966 .)

All three antibiotics chloramphenicol, lincomy-
cin, and erythromycin strongly inhibit in vivo
particulate mitochondrial cytochrome synthesis,
albeit not completely like euflavine and ethidium .
However, as shown herein, chloramphenicol does
produce great changes in mitochondrial mor-
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phology, comparable to those induced by eufla-
vine. All three antibiotics inhibit mitochondrial
protein synthesis in vitro, and at high concentra-
tions both chloramphenicol and lincomycin are
capable of completely inhibiting the system . The
incomplete nature of the in vivo inhibition by
these two antibiotics may therefore be due to
permeability factors, such as have been found in
S. cerevisiae (Linnane, Lamb et al ., 1968) . Recent
experiments in our laboratory' have shown that
while chloramphenicol inhibits mitochondrial
protein synthesis in a wide variety of animal cells,
erythromycin and lincomycin have no effect on
amino acid incorporation into protein by mito-
chondria isolated from the livers of a variety of
mammals. It is clear that several evolutionary
changes have occurred in the nature of the autono-
mous elements of mitochondria . Thus, the faculta-
tive anaerobe S. cerevisiae and the obligate aerobe
C. parapsilosis differ in their response to the cyto-
plasmic mutagens euflavine and ethidium but
respond similarly to the three antibiotics discussed
above. Mammalian liver mitochondria are, in
addition, no longer sensitive to the two antibiotics
lincomycin and erythromycin . An accumulating
body of evidence indicates that all three antibiotics
react with the 50S subunit of the ribosome (Vaz-
quez 1966 ; Krembel and Apirion, 1968 ; Chang
and Weisblum, 1967 ; Linnane, Saunders et al .,
1968; Lamb et al ., 1968), so that phylogenetic
changes have evidently occurred at the level of the
mitochondrial ribosome . It may also be added
that Marchant and Smith (1968) have reported
that, unlike the situation in S . cerevisiae and C .
parapsilosis, cells of Pythium ultimum grown in the
presence of chloramphenicol do not show exten-
sive morphological changes in mitochondria but
appear to have lost the knobs and stalks associated
with the mitochondrial cristae.
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